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A biomaterial is one of the key elements in tissue engineering, particularly for bone regeneration, as it
withstands the human physiological environment and support essential cellular functions. Poly(L-lactide)
(PLLA) is widely employed for biomedical applications, although there have been some drawbacks. We
successfully developed PLLA composites using plasma-assisted and electrospinning methods.
Conventional studies focus deeply on molecular interactions between cells and materials; however,
studies aimed at understanding how cells metabolically respond to these materials have been limited.
This work used *H-NMR-based metabolomics and multivariate statistical analysis to evaluate how PLLA
composites metabolically guided MG63 osteoblast-like cells cultured on them. It was found that cells
reacted uniquely on each scaffold type. PLS-DA suggested that succinic acid (2.39 ppm) and 3-hydroxy-
L-proline (1.47 ppm) were the two metabolites with the highest variable importance in projection (VIP)
values. Pathway enrichment analysis revealed that lysine degradation was considerably enriched
(enrichment ratio: 2.0; p < 0.05). We further validated this prediction by supplementation with L-lysine at
various concentrations, and it was confirmed that L-lysine supplementation significantly increased
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Consistent with this, the levels of lysine degradation intermediates were much lower on cellulose-
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1. Introduction

Biomaterials are some of the keystone elements in bone tissue
engineering (BTE), which has emerged as a potential solution
for bone repair and regeneration-related challenges. Many
synthetic biomaterials have faced limitations when mimicking
the complex architecture and biological functions of native
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containing scaffolds. These data suggest that activation of the lysine degradation pathway supports

bone, resulting in unsatisfactory rates of healing. Poly(i-lactide)
(PLLA) has emerged as a widely used material in scaffold
fabrication due to its biocompatibility, biodegradability,
mechanical properties, ease of processing, and FDA approval.
The biocompatibility of PLLA ensures minimal immune
response, while its biodegradability allows for natural degra-
dation into easily cleared products, such as lactic acid. Its
processability enables the creation of films, fibers, and 3D
scaffolds.' However, PLLA also presents limitations, such as its
hydrophobicity, brittleness, relatively slow degradation rate,
lack of inherent bioactivity, and potential for generating acidic
degradation products."® To overcome these drawbacks and
tailor PLLA for specific bone tissue engineering needs,
researchers have explored various strategies.

Surface modification techniques have been utilized to
enhance cell adhesion and proliferation. For instance, oxygen
plasma treatment has been used to alter the surface properties
of PLLA, making it more hydrophilic and promoting better cell
attachment.®” Additionally, coating PLLA with proteins, such as
collagen, or polysaccharides, such as chitosan, was found to
provide cell-binding sites and promote cell-matrix interactions,
thereby improving cellular responses. In a previous study, melt-
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spun aligned PLLA scaffolds coated with collagen enhanced
osteoblast viability, adhesion, and directional migration, with
collagen-coated scaffolds showing the greatest improvement in
cell length and migration speed along the fiber axis.® Another
strategy involves blending PLLA with other polymers to improve
its overall properties. Combining PLLA with cellulose has been
found to enhance the hydrophilicity and mechanical strength,
creating a more favorable environment for cell growth. Previous
studies have reported that PLLA reinforced with cellulose
exhibited optimal performance, showing maximum crystal-
linity, thermal stability, mineralization, biodegradability,
improved stiffness and mechanical properties, and enhanced
polymer chain mobility.>** Similarly, blending PLLA with
collagen was reported to enhance cell adhesion, proliferation,
and differentiation in yet another study,® as collagen provides
cell-binding sites and promotes tissue regeneration. Further-
more, the incorporation of minerals like hydroxyapatite (HA)
can improve the osteointegration of PLLA scaffolds, promoting
better bone integration, as evidenced from a study where
a PLLA/HA blend exhibited a significant decrease in the crys-
tallinity of composite films compared to PLLA, and the presence
of hydroxyapatite crystals did not have a significant influence on
the degradation temperature of the composite films.*

Right after biomaterials are successfully fabricated, in vitro
examinations of cellular responses are always conducted,
primarily to ensure biocompatibility and cytotoxicity responses.
Moreover, molecular observations are always carried out to
deeply understand the biomaterial surface and cell interactions.
For example, cell adhesion, proliferation, and protein expres-
sion (vinculin, Rac1, RhoA, and PCNA) were reported for MRC5
fibroblasts on PLLA films coated with fibronectin/laminin
versus PLLA grafted with RGD/SIKVAV peptides. Western blot
analysis revealed differences in vinculin, Racl, and RhoA
expression, indicating stronger = mechano-transduction
signaling on grafted surfaces, with RGD-grafted PLLA showing
superior cell adhesion and proliferation compared to protein-
coated PLLA.* In addition, researchers evaluated fibronectin/
collagen-bonded poly(r-lactide-co-caprolactone) membranes
versus unmodified polymers for esophageal cell cultures. The
results revealed that fibronectin-modified PLLA promoted
better collagen synthesis and cell proliferation and exhibited
higher protein adsorption and enhanced mitochondrial activity
in epithelial cells compared with the unmodified controls.”
Mohammadalipour et al. found that adding cellulose nano-
fibers into electrospun polyhydroxybutyrate scaffolds greatly
increased hydrophilicity, surface roughness, and degradation
kinetics, all of which are important aspects relating to osteo-
blast activity. This study indicates that the incorporation of
cellulose into scaffold matrices promotes superior cell adhesion
and proliferation, primarily due to enhanced hydrophilicity and
the presence of polar functional moieties, which are known to
support protein adsorption and integrin receptor engage-
ment.'"> While these conventional assays offer valuable infor-
mation, a comprehensive understanding of scaffold-cell
interactions also requires a deeper investigation into the
metabolic changes occurring within cells during cell-
biomaterial interactions. Moreover, there is limited data on
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how cell-biomaterial responses have been observed at the
metabolome level. It would be worth exploring the metabolic
changes of MG63 cells, a cell line generally used for bone tissue
engineering studies, for primary observations.

Metabolomics is the study of metabolites under specific
conditions and after specific durations. Metabolites are chem-
ical products of cells, tissues, and/or organs responding to
certain conditions and can be found in tissues and biological
fluids, such as blood, plasma, serum, urine, and saliva. The
applications of metabolomics in health and diseases are rela-
tively new compared with other systems biology and omics
fields, such as genomics, transcriptomics, and proteomics,
which are used to reflect the state and severity of diseases,
drugs, toxicity, and environmental effects.'®'” The key steps of
a metabolomics study are to separate and identify all the
metabolites in each sample. Two main analytical platforms for
metabolomics study are mass spectrometry (MS) and nuclear
magnetic resonance spectroscopy (NMR)."®

Focusing on bone tissue engineering, NMR metabolomics
has emerged as a valuable tool for investigating the metabolic
reprogramming of osteoblasts in response to different scaffold
materials. For instance, NMR-based metabolomics has been
used to study the metabolic response of human osteoblasts to
non-poled and poled poly(r-lactic acid) (PLLA). The researchers
found that osteoblasts cultured on PLLA scaffolds showed
elevated lactate and a decrease in glucose, which indicated
enhanced glycolysis and oxidative stress; activated TCA cycle
intermediates (succinate), which suggested upregulated energy
demand; and a decrease in storage lipids (triglycerides),
implying membrane biosynthesis for cell growth.* In addition,
metabolomics research into the development of bone disease
treatment revealed metabolic shifts in cells exposed to
hydroxyapatite (HA)-PLLA composites, including altered lipid
profiles and energy metabolism. Arginine metabolism in
macrophages (M1/M2 polarization) was also found to influence
osteogenesis via nitric oxide (NO) pathways.? From all these
studies, there remains a limited understanding of the dynamic
metabolic responses of cells to fabricated biomaterials and the
resulting changes in the metabolite microenvironment.

Therefore, the objective of this study was to utilize NMR
spectroscopy to identify and quantify differential metabolites
produced by MG63 cells cultured on various scaffolds we
previously fabricated using PLLA-based polymers. Additionally,
we aimed to analyze the relationship between the targeted
metabolites and the metabolic pathways activated in response
to MG63-cell interactions with the PLLA-based polymer. By
addressing these objectives, this study aims to bridge the
existing gap in knowledge relating to the field of BTE and to
contribute to the development of more effective scaffolds that
can enhance bone regeneration through a better understanding
of cellular metabolism, ultimately contributing to the optimi-
zation of tissue engineering strategies.

2. Materials and methods

Poly(r-lactide) polymer (Ingeo 4043D), deuterium oxide (D,0), 3-
(trimethylsilyl)-2,2’,3,3'-tetradeuteropropionic acid (TSP), and t-
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lysine monohydrochloride were purchased from Sigma-Aldrich
(now MilliporeSigma; St. Louis, MO, USA). Microcrystalline
cellulose was obtained from NatureWorks LLC. Fresh tilapia
(Oreochromis spp.) skins were acquired from Mueang Mai
Market in Chiang Mai province, Thailand, from which collagen
was extracted and lyophilized in accordance with our previous
study.®

2.1. Scaffold fabrication

Four types of scaffolds, including poly(r-lactide) (PLLA), PLLA-
cellulose (PLLA-Cel), PLLA-collagen (PLLA-Col) and cellulose-
PLLA-collagen (PLLA-Cel-Col), were fabricated using electro-
spinning and/or radio frequency (RF) oxygen plasma treatments
in accordance with our previous research.® The Ingeo 4043D
polymer (NatureWorks LLC, USA) used in this study has
a number-average molecular weight (M,,) of 73 KDa with a di-
spersity index (D) of 1.5.** These molecular characteristics
contribute to the mechanical properties and degradation
profiles of the resulting scaffolds.

2.2. Cell seeding and NMR analysis

2.2.1. Seeding MG63 cells onto scaffolds. The MG63 oste-
osarcoma cell line (ATCC CRL1427, USA) was cultured in
a sterile Nunc™ EasyFlask™ 75 (Thermo Fisher Scientific,
China) using DMEM (Gibco®, USA) enriched with 10% fetal
bovine serum (FBS), 2% HEPES buffer, 1% MEM non-essential
amino acids (NEAAs), and 1% PenStrep (Gibco®, USA). Cultures
were grown in a 5% CO, humidified incubator at 37 °C until 80-
90% confluence. Cells were detached with 0.25% trypsin/EDTA
(Gibco®, USA) for sub-culturing. For this study, MG63 cells from
the 31st passage were used, seeded at 2 x 10* cells per mL in
each well plate of a 6-well plate, with 3 replicates of each scaf-
fold type. Prior to seeding with MG63 cells, the scaffolds were
subjected to 15-minute UV sterilization, and the culture
medium was changed every two days.

2.2.2. Extraction of metabolites. MG63 cells were cultured
on each scaffold type for 7 d, and metabolites were extracted
from the cells on each scaffold type using cell lysis buffer
(CelLytic™ M, C2978-250 ML, Sigma-Aldrich, Saint Louis, MO,
USA). Prior to extraction, the cell lysis buffer was aliquoted into
a 15-mL tube and stored in a refrigerator at —80 °C for an hour.
The cell medium was discarded, and the scaffolds were then cut
into four quadrant pieces and transferred from the well plates
to new 6-well plates. 1 milliliter (mL) of the precooled cell lysis
buffer was then added to each scaffold quadrant piece, and they
were transferred to the freezer at —80 °C to quench the cells and
arrest further metabolism for a period of 20 min and thawed
afterwards, before being aspirated into Eppendorf tubes.

The cell lysates in the Eppendorf tubes were subjected to 10-
minute centrifugation at 14 000g (gravitational force) using
a Beckman Coulter centrifuge (Allegra X-30R) at 4 °C. 950 pL of
the supernatant was concentrated using a SpeedVac machine
(Centrivap/Labconco, Kansas City, Missouri, USA) at 45 °C for
2 h, and the concentrates from each quadrant piece of the same
scaffold replicate were pooled into one labelled Eppendorf tube.
The pooled samples were dried further for another 2 h under
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the same conditions as the concentrates. The completely dried
powdered samples were then stored in a freezer at —80 °C for
further NMR processing.

2.2.3. NMR sample preparation and spectral acquisition.
Metabolite extracts were reconstituted in 600 pL of 0.1 M TSP
solution prepared in D,0, containing 0.023 g of TSP per 100 mL
of D,O. This mixture was then centrifuged at 15 000g (gravita-
tional force) for 5 min, and the supernatant was transferred into
an NMR sample tube, capped, and labelled. The samples were
taken for NMR metabolite analysis. "H NMR spectra were
recorded using a Bruker AVANCE 500 MHz (Bruker, Bremen,
Germany) instrument with a Carr-Purcell-Meiboom-Gill
(CPMG, RD-90°, (t-180°), n-acquire) pulse sequence at 27 °C and
water suppression pre-saturation. Key parameters are as
follows: 16 scans, a 1-second relaxation delay, a 3.95-second
acquisition time, an 8278.146-Hz spectral window, and a free
induction decay (FID) resolution of 0.126 Hz with a 60.40 dwell
time (DW), in accordance with a previous study.**

2.2.4. Quantification of metabolites from NMR spectra of
obtained scaffolds. Based on previous research by Somtua
et al.”> with minor modifications, each metabolite was initially
identified using the human metabolome database (HMDB,
https://www.hmdb.ca). TSP served as an internal standard for
quantifying metabolites. The peak acquisition and J-coupling
values were analyzed using MestReNova (version 14.1.2-25024,
MestreLab Research, Santiago de Compostela, Spain) software.
The interpretation of NMR spectra of individual scaffolds was
dependent on the use of chemical shift values. These values
were important in identifying the signal for integration, calcu-
lating the integrated area, and estimating the coupling
constant. To ensure accuracy, targeted metabolite peaks were
identified, with a margin of error of 0.01 ppm, relative to the
metabolite's resonances in the HMDB database. Representative
spectral peaks for targeted metabolite quantification were
selected based on signal intensities (as this made them more
reliable and easier to detect); uniqueness (to avoid spectral
overlaps); consistency of peaks; and diagnostic value relative to
all other peaks. To quantify metabolites based on the repre-
sentative peaks, the following formula was utilized:

Inet X Hrsp X Crsp

C t —
" ITSP X Hmet

where Cety Imety Hmets Crsp, Itsp, and Hygp are the concentration
of metabolite, intensity of the metabolite, number of protons (H
atoms) in the metabolite, concentration of TSP, intensity of TSP,
and number of protons (H atoms) in TSP, respectively. Micro-
moles were used as the measurement unit for metabolite
concentrations. While NMR-based metabolomics provides
a robust, non-destructive approach for metabolite identification
and relative quantification, it has inherent limitations in terms
of absolute quantification precision compared to chromato-
graphic methods.

For well-resolved peaks (e.g., singlets like succinic acid at
2.39 ppm), integration was performed manually, and the error
was 5-8% as a result of slight variations in integration. For
overlapping peaks (e.g., the multiplet for 3-hydroxy-i-proline at
1.47 ppm), we utilized the Global Spectral Deconvolution (GSD)
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algorithm in MestReNova. This process involves fitting a sum of
Lorentzian line shapes to the experimental data. The fit was
manually refined to minimize the residual. The integration
error for these deconvoluted peaks, estimated from the variance
of multiple fitting attempts, was 10-15%. The coefficients of
variation (CV) reported in Table 1 reflect the combined effect of
biological variability and analytical uncertainty, with higher CV
values indicating either greater biological variation or increased
analytical uncertainty due to signal overlap.

2.2.5. Multivariate and enrichment analysis of quantified
metabolites. To gain insights into the complex dataset and to
identify patterns and relationships derived from metabolite
quantification that can serve as multidimensional features
across different scaffold types, principal component analysis
(PCA) and partial least-squares discriminant analysis (PLS-DA)
were performed. MetaboAnalyst (version 6.0), a comprehen-
sive web-based platform for metabolomic data analysis devel-
oped by the Xia Lab at McGill University (https://
www.metaboanalyst.ca), was utilized for sample
normalization, data transformation and scaling prior to the
acquisition of PCA and PLS-DA statistical results.

Afterwards, enrichment analysis was conducted to under-
stand the molecular basis behind the differential metabolite
groupings found in multivariate analysis with the same Meta-
boAnalyst (version 6.0) tool. To obtain this data, the enrichment
analysis module was used for sample normalization, data trans-
formation and scaling. The Kyoto encyclopedia of genes and
genomes (KEGG) metabolite library set of MetaboAnalyst version
6.0 was then used for data acquisition after data normalization.

2.2.6. Validation of metabolomics findings. Wet laboratory
tests were designed to validate the suggested results from
metabolic data. Biological activity assays were carried out using
MG63 cells. Briefly, the cells were cultured with varied
concentrations of r-lysine (0-400 uM) for 4 or 7 d, rinsed twice
with phosphate-buffered saline (PBS) and incubated in 250 pL
of CelLytic™ M cell lysis buffer (Sigma-Aldrich) for 20 min at
room temperature after removing the culture medium. The
lysates were harvested and stored at —20 °C for further analyses.
t-lysine concentrations were selected based on physiological
relevance and previous literature studies, where the physiolog-
ical concentration of t-lysine in human blood is in the range of
100-300 pM,** with a maximum level of up to 400 uM observed
in certain physiological states.** We selected three zones of
concentrations to test whether the r-lysine concentration could
affect bone formation. The first zone was 50 uM, which is below
the normal physiological concentration; the second zone
ranged between 100 and 300 pM, which are physiological
concentrations; and the last zone was 400 uM, which is above
the physiological concentration. In addition, previous in vitro
studies successfully used a variety of 1-lysine concentrations to
stimulate bone-forming cells. For instance, concentrations up
to 100 uM have been tested on rat bone marrow cells to assess
osteogenic potential,® and higher concentrations have been
used to successfully stimulate proliferation and matrix
synthesis in human and rat osteoblasts.***® Therefore, the 50—
400 puM range is well-suited for investigating the enhancement
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of osteogenic markers in MG63 cells. The following bioactivities
were determined.

2.2.6.1. Total protein determination. The Bradford assay was
used to determine total protein in MG63 cell lysates. In brief, 20
uL of cell lysate was mixed with 200 pL of Bradford reagent
(A6932, AppliChem), and the absorbance at 595 nm was
measured after 10 min of incubation at room temperature (RT)
using a microplate reader (Synergy S4; Biotek). Protein
concentrations were determined using a bovine serum albumin
(BSA) standard curve.

2.2.6.2. Collagen determination. Sirius Red staining was
used to evaluate the collagen content. 50 pL of cell lysate was
pipetted into a 96-well plate and allowed to dry at 60 °C for 3 h.
100 pL of prepared Sirius Red dye (Direct Red 80, Sigma-Aldrich)
was then added to each well, and the plates were incubated for
an hour. The unbound dye was subsequently washed with
0.05 M acetic acid. The collagen-bound dye was solubilized in
0.5 M NaOH, and the absorbance was recorded at 520 nm with
a microplate reader (Synergy S4; Biotek). The collagen content
in lysates was calibrated against a standard curve generated
from tilapia skin collagen (5 mg mL™).®

2.2.6.3. ALP activity determination. ALP activity was
measured based on the hydrolysis of p-nitrophenol phosphate.
Briefly, 20 uL of lysate was combined with 80 uL of 1 mg mL ™" p-
nitrophenol phosphate substrate (N2640, Sigma-Aldrich) in 1 M
diethanolamine buffer (pH 9.8, D8885, Sigma-Aldrich) and
incubated at 37 °C for 3 h. The reaction was stopped by the
addition of 25 pL of 1 M NaOH, and the absorbance was
measured at 405 nm with a microplate reader (Synergy S4; Bi-
otek). ALP activity was determined based on a p-nitrophenol
standard curve, and specific activity was normalized to the total
protein amount in the lysate.

2.2.6.4. Mineralization determination. Mineralization was
determined according to the method of Tsai et al* with minor
modifications. In brief, the cell layers with varied concentrations of
L-lysine solution at days 4 and 7 were rinsed in PBS and fixed with
50% ethanol overnight at 4 °C. The fixative reagent was discarded,
and the fixed sample was left to completely dry at RT. The cells
were stained for 45 min at RT with 1 mL of 2% Alizarin Red S (pH
4.6) solution in each well. The dye was removed, and the stained
layer was washed twice with distilled water to remove excess
unstained dye. 250 pL of 10% (v/v) acetic acid was added to each
well to re-solubilize the stained dye at RT for 30 min while shaking
(Mini Rocker-Shaker, Biosan, Latvia). The absorbance of the reso-
lubilized dye was measured at 450 nm with a microplate reader
(Synergy S4; Biotek).

2.3. Statistical analysis

Data were analyzed using a multitiered statistical approach
designed to ensure robust and reproducible insights into the
metabolomics data. Prior to multivariate analysis, NMR spectral
data underwent preprocessing, including binning into 0.04-
ppm intervals from 0.00-8.5 ppm, with exclusion of the water
region (4.6-5.0 ppm), normalization (auto scaling), and log-
transformation to reduce heteroscedasticity. MetaboAnalyst
(version 6.0) software was used to perform statistical analyses,
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including principal component analysis (PCA) and partial least-
squares discriminant analysis (PLS-DA) of metabolic groups
between scaffold cohorts, with p < 0.05 indicating statistical
significance. Data were analyzed using IBM SPSS Statistics 22
and R4.3.0 (https://cran.r-project.org/), and univariate analyses
were performed using one-way ANOVA with Tukey's post-hoc
test to determine statistically significant differences between
experimental groups. Identification and quantification of
metabolites were referenced in comparison to the HMDB, with
3-(trimethylsilyl)-2,2',3,3'-tetradeuteropropionic acid (TSP) used
as an internal standard for the purpose of normalization.
Pathway enrichment analysis was conducted at a FDR < 0.05,
and the top 25 enriched metabolic pathways and their enrich-
ment ratios were obtained. Data are reported as mean =+ stan-
dard deviation, and statistical significance is defined as p < 0.05.

3. Results

3.1 'H NMR spectra of MG63 cell metabolite profiles after
culturing cells on different scaffold types

Using the human metabolome database (HMDB) as a reference
standard, eighteen targeted metabolites of MG63 cells cultured
on four scaffold types, including poly(i-lactide) (PLLA), PLLA-

I\
Pt {5,

A
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cellulose (PLLA-Cel), PLLA-collagen (PLLA-Col), and cellulose-
PLLA-collagen (PLLA-Cel-Col), were characterized and quanti-
fied via "H NMR spectroscopy (Fig. 1). While the HMDB data-
base assisted in the reliable identification of 18 targeted
metabolites, several minor peaks remained unassigned because
of signal overlap, residual solvent signals, or their absence from
the database. This is a common limitation in untargeted
metabolomics approaches, and our study focused on reliably
identified metabolites with diagnostic value for bone tissue
engineering applications. The identified peaks corresponding
to the respective metabolites were selected and shown within
the spectra. For example, lactic acid (1.33 ppm) showed fluc-
tuating intensities over all types of scaffolds. Likewise, a-keto-
glutaric acid (2.43 ppm), cAMP (4.11 ppm), and
phosphoenolpyruvic acid (5.35 ppm) exhibited fluctuation.
Extensive signal overlaps of resonances can be observed among
the different stacked scaffold "H NMR spectra. The quantified
metabolites and their coefficients of variations (CVs) were
determined (Table 1).

Metabolite concentrations exhibited significant variations
across the different scaffold types. For example, a-ketoglutaric
acid from the cells on the PLLA-Cel scaffold exhibited the
greatest variation (CV = 130.15%) followed by NADH on PLLA-

= PLLA-Cel-Col

8.0 7.0 6.0 5065 4.0

3.0

10 PLLA-Col
3 PLLA-Cel
1 = PLLA
| 1
4]
\
2.0 l.b 0.0 ppm

Fig.1 Representative 'H NMR spectra of MG63 cell metabolites after being cultured on different types of PLLA. The cells were seeded on PLLA,
PLLA-Cel, PLLA-Col, and PLLA-Cel-Col for 7 days. Peak assignments: 1 — lactic acid, 2 — 3-hydroxy-L-proline, 3 — glucosylgalactosyl-
hydroxylysine, 4 — lysine, 5 — glucosylproline, 6 — pyruvic acid, 7 — succinic acid, 8 — a-ketoglutaric acid, 9 — proline, 10 — 5-hydroxylysine, 11 —
oxaloacetic acid, 12 — acetyl-CoA, 13 — FADH,, 14 — 2-phosphoglyceric acid, 15 — cAMP, 16 — 3-phosphoglyceric acid, 17 — phosphoenolpyruvic
acid, 18 — NADH. Unassigned peaks represent unknown compounds not in the HMDB database, residual solvent signals, or overlapping signals.
The water signal region (4.6—-5.0 ppm) was excluded from analysis to minimize interference.
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Cel-Col (CV = 126.25%). 5-Hydroxy lysine showed elevated CVs
on the PLLA-Cel and PLLA-Cel-Col scaffolds. Lactic acid
demonstrates increasing CV values from PLLA to PLLA-Cel-Col.
In contrast, differential metabolites associated with the pure
PLLA scaffolds generally exhibited lower CV values. This
differential metabolite variability reflects the plasticity of
cellular metabolism under different material conditions.

3.2. Multivariate analysis of differential metabolites on
different scaffold types

Principal component analysis (PCA) was primarily used to
investigate differential metabolic heterogeneity among MG63
cells seeded on different types of PLLA. The PCA scores plot
indicated that the sample groups were naturally separated by
scaffold type, with the first two principal components, PC1 and
PC2, accounting for 31.6% and 18.5% of the total differential
metabolite variances, respectively (Fig. 2A). PC1 demonstrated
the greatest separation between PLLA and the other composite
scaffolds, which reflects the most significant metabolic change
caused by the presence or absence of bioactive additives. PC2
improved resolution by discriminating between certain
composite scaffolds, such as PLLA-Cel and PLLA-Col. The
confidence ellipses surrounding each group indicated varied
levels of within-group variability, with PLLA having larger
dispersion than the other composites. However, statistical
insignificance was observed after pairwise permutational
multivariate analysis of variance (PERMANOVA) was performed
on the PCA scores (Table 2).

To better elucidate the potential differential metabolites
among the different scaffold groups, partial least-squares
discriminant analysis (PLS-DA) was carried out. The PLS-DA
scores plot (Fig. 2B) displayed the first two latent variables
(Component 1 and Component 2), which together explained
a significant portion of the variance related to group separation
without outliers observed in the plot. Component 1 (21.7%)
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Table 2 Pairwise permutational multivariate analysis of variance
(PERMANOVA) results for PCA group comparisons. MG63 cells were
cultured on PLLA, PLLA-Cel, PLLA-Col, and PLLA-Cel-Col for 7 days

Comparison F. Model R® pval.  p.adj.
PLLA vs. PLLA-Cel 7.9269 0.66462 0.1 0.2
PLLA vs. PLLA-Cel-Col 3.2507 0.44833 0.2 0.3
PLLA vs. PLLA-Col 0.30047 0.06987 0.7 0.7
PLLA-Cel vs. PLLA-Cel-Col 7.6049 0.65532 0.1 0.2
PLLA-Cel vs. PLLA-Col 9.8215 0.7106 0.1 0.2
PLLA-Cel-Col vs. PLLA-Col 2.0856 0.34271 0.4 0.48

differentiated between PLLA and other scaffolds (PLLA-Cel,
PLLA-Col, and PLLA-Cel-Col). This suggests that Component 1
captures the primary metabolic differences related to the pres-
ence or absence of bioactive additives (cellulose and/or
collagen). Component 2 (21.8%) further separates the groups,
particularly distinguishing PLLA-Cel from PLLA-Col and PLLA-
Cel-Col.

PLS-DA variable importance in projection (VIP) analysis was
also calculated and further highlighted significant metabolites
that drive scaffold group differentiation, with succinic acid (VIP
= 2.3653, Component 1), 3-hydroxy-L-proline (VIP = 2.0326),
lactic acid (VIP = 1.5342), proline (VIP = 1.0615), and
glucosylgalactosylhydroxylysine (VIP = 1.0605) appearing as
major contributors (Table 3).

3.3. Pathway enrichment analysis of metabolites from MG63
cells cultured on PLLA, PLLA-Cel, PLLA-Col, and PLLA-Cel-Col
for 7 days

To elucidate the biological mechanisms underlying the distinct
metabolite clustering observed in multivariate analyses,
pathway enrichment analyses were undertaken (Fig. 3). It was
found that two parallel pathways, p-amino acid metabolism and
lysine degradation, were suggested, having the highest

A Scores plot PCA Scores plot  PLS-DA
PLLA
PLLA-Cel
N < O PLLA-Cel-Col
o PLLA-Col
- @ o -
o o N w4 (@]
- 0% o o *
Sl e < o o
2 Se o
o o 5 o .
(o} @ @ g o
O _ S e
~ T £ o
S o
A <
%
QI L T T T T T T
6 -4 2 0 2 4 6 8 -4 2 0 2 4 6

PC 1 (31.6%)

Component 1 (21.7%)

Fig. 2 Multivariate analyses of metabolomic profiles of MG63 cells cultured on PLLA and its composites, including PLLA-Cel, PLLA-Col, and
PLLA-Cel-Col, for 7 days. Each data point represents a sample, with colors indicating the scaffold type: (A) principal component analysis (PCA)
scores plot and (B) partial least-squares discriminant analysis (PLS-DA) scores plot.
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Table 3 Variable importance in projection (VIP) scores from PLS-DA
analysis

Metabolite Component 1 Component 2
Succinic acid 2.3653 2.1663
3-Hydroxy-L-proline 2.0326 1.8647
Lactic acid 1.5342 1.3832
Proline 1.0615 1.15
Glucosylgalactosylhydroxylysine 1.0605 1.0792
FADH2 0.93318 1.1929
Glycylproline 0.84069 0.92553
Pyruvic acid 0.72669 0.87607
NADH 0.70272 0.69921
3-Phosphoglyceric acid 0.62646 0.65753
5-Hydroxylysine 0.46729 0.47517
cAMP 0.46231 0.70662
a-Ketoglutaric acid 0.31786 0.33859
Phosphoenol pyruvic acid 0.26945 0.3122
2-Phosphoglyceric acid 0.18599 0.16846
Oxaloacetic acid 0.13407 0.42237
Acetyl-CoA 0.1004 0.51071
Lysine 0.08856 0.23764

enrichment ratios and significant levels (p < 0.05). False
discovery rate (FDR) adjustment was applied, and the highest-
ranked 25 metabolic pathways were analyzed statistically
(FDR-adjusted p < 0.05) to uncover a multifaceted metabolic
reprogramming landscape. The p-amino acid metabolism
pathway exhibited the maximal enrichment ratio of 2.5 (p <
0.05). Likewise, the lysine degradation pathway had an enrich-
ment ratio of 2.0 (p < 0.05), confirming the bioactivity of the
different scaffolds based on our primary research focused on
bone tissue regeneration and, also, lysine's significant role in
collagen biosynthesis.
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3.4. Validation of lysine degradation for the promotion of
bone formation in MG63 cells

Even though the p-amino acid metabolism was suggested to be
the most significant pathway and had the highest enrichment
ratio, we chose to validate the lysine degradation pathway
instead, due to the complexity and specificity of the metabolic
pathways. r-lysine was supplemented into the cell culture
medium at different concentrations (50-400 uM).

Supplementation with 1-lysine promoted bone formation
processes, as shown by the significant enhancement in the alka-
line phosphatase activity, collagen production and degree of
calcification without alteration of the total protein content. The
total protein content increased from day 4 to day 7, regardless of -
lysine supplementation. However, there was no significant differ-
ence in protein content among the groups with different concen-
trations of i-lysine supplementation at both time points (Fig. 4).

Specific ALP activity (Fig. 5), which is normalized to total
protein content, exhibited a unique response to the r-lysine
concentration. Specific ALP activity clearly increased between
days 4 and 7 of culturing. Even though the role of r-lysine
supplementation was insignificant on day 4, significant differ-
ences in the specific ALP activities at all t-lysine supplementation
concentrations were clearly observed on day 7 when compared
with the control without 1-lysine supplementation (p < 0.05).

L-lysine had no effect on the collagen deposition level on day
4 of culturing, while on day 7, only supplementation with r-
lysine at 400 uM showed significantly different collagen depo-
sition (p < 0.05) (Fig. 6).

Likewise, 1-lysine had no effect on mineralization on day 4 of
culturing but it had significant effects on day 7 of the culture
process (Fig. 7). Consistent with ALP activity, r-lysine supple-
mentation at a concentration of 100 pM or higher had
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Lysine degradation
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Pyruvate metabolism

Glyoxylate and dicarboxylate metabolism
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Fig. 3 Metabolic pathway enrichment analysis of MG63 cells cultured on PLLA, PLLA-Cel, PLLA-Col, and PLLA-Cel-Col for 7 days.
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Fig. 4 Effect of L-lysine concentration on total protein content in MG63 osteoblast-like cells.
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Fig. 5 Specific ALP activity normalized to the total protein content. L-lysine enhances alkaline phosphatase activity, a marker for osteogenic

differentiation. The presented data are mean + SD from triplicates of representative experiments, and the paired bars indicate a comparison of
means. The star icon (%) indicates statistical significance when p < 0.05.
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L-lysine supplementation promotes collagen deposition. The presented data are mean + SD from triplicates of representative experi-

ments and the paired bars indicate a comparison of means. The star icon (%) indicates statistical significance when p < 0.05.

a significant effect on mineralization, as clearly observed on day
7, with the most significant mineralization occurring at 400 pM
when compared with the control without 1-lysine supplemen-
tation (p < 0.05).

3.5. Quantification of metabolites in the lysine degradation
pathway

L-lysine is known to be degraded by reduction along with a-keto-
glutarate, with saccharopine and o-aminoadipic acid being
subsequently generated (Fig. 8A). The concentrations of lysine,
saccharopine and a-aminoadipic acid were calculated from MG63
cells cultured on PLLA, PLLA-Cel, PLLA-Col, and PLLA-Cel-Col
scaffolds (Fig. 8B). The analysis revealed distinct concentration
profiles for saccharopine, a-aminoadipic acid, and lysine across
the different scaffold compositions. Lysine concentrations ranged
from ~10 pM to ~200 pM, with the highest concentration
observed on the PLLA-Col scaffold and the lowest on the PLLA-Cel-
Col scaffold. Saccharopine concentrations exhibited a range from
~20 uM to ~500 uM, with the highest concentration observed on
the PLLA scaffold and the lowest on the PLLA-Cel-Col scaffold. a-
Aminoadipic acid concentrations ranged from ~40 pM to ~400
uM, with the highest concentration observed on the PLLA-Col
scaffold and the lowest on the PLLA-Cel-Col scaffold.

4. Discussion

The present research provides an integrated investigation into
the metabolic and biological behaviors of MG63 cells on PLLA

© 2025 The Author(s). Published by the Royal Society of Chemistry

and composite scaffolds, more specifically focusing on scaffold
composition and lysine metabolism. These metabolomic and
biological activity data presented together suggested that there
is a complex interaction between the materials and cellular
metabolism  and, ultimately, fundamental cellular
functions.?***

4.1. The influence of metabolomic landscape and scaffold
composition on multivariate analysis

Metabolomics has increasingly been recognized as a powerful
tool in tissue engineering research, offering insights into
biochemical responses at a systems level.'*' In our study, 'H-
NMR-based metabolomics was used to provide a targeted and
reproducible approach to profiling differential metabolic
changes at the interface of scaffolds and MG63 cells.'®*>?** The
integration of PCA and PLS-DA sought to offer complementary
perspectives: PCA can capture broad patterns of differential
metabolite variation, while PLS-DA can enhance discrimination
by leveraging class information.**** Taken together, multivar-
iate analysis revealed the significant influence of scaffold
composition on shaping the metabolic landscape of MG63 cells,
with particular emphasis on energy metabolism and collagen
biosynthesis.

Multivariate analysis of differential metabolites obtained
from MG63 cells cultured on PLLA and its composites revealed
diverse differential metabolic responses influenced by scaffold
composition. PCA demonstrated partial separation among the
different scaffold groups, with the first two principal

RSC Adv, 2025, 15, 42614-42629 | 42623
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components accounting for 31.6% and 18.5% of the total vari-
ance, respectively. This suggested that while there were
observable differences in the metabolic signatures of cells
grown on different scaffolds, a degree of overlap remained,
likely due to shared metabolic pathways, similarities in scaffold

compositions or conserved cellular functions across
A B
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conditions.** Pairwise PERMANOVA comparisons further
contextualized these observations, showing varying degrees of
dissimilarity between scaffold types. Remarkably, although
several comparisons exhibited high R*> values explaining
significant proportions of variance, none reached statistical
significance. These findings suggested that while the material
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Fig. 8 Selected metabolites in the lysine degradation pathway. (A) The initial steps of the lysine degradation pathway and (B) the metabolite
concentrations from MG63 cells cultured on PLLA, PLLA-Cel, PLLA-Col, and PLLA-Cel-Col for 7 days. The bar graph illustrating the mean £+ SD (n
= 3) of each metabolite concentration (uM) is derived from *H NMR metabolomic data. The paired bars indicate a comparison of means; (%) and
(% %), and (% % %) indicate significant differences when p < 0.05, 0.01, and 0.001, respectively.
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composition may influence cellular metabolism, the observed
effects may not be strong enough to overcome biological vari-
ability within the current experimental design.**

PLS-DA, a supervised method, provided enhanced group
discrimination, with VIP scores identifying the key metabolites
driving group separation. Succinic acid, a central intermediate in
the tricarboxylic acid (TCA) cycle, was consistently the most
influential metabolite across all components, suggesting that
mitochondrial activity and energy metabolism were significantly
affected by scaffold composition. This was aligned with previous
reports linking TCA cycle intermediates to osteogenic differentia-
tion and matrix mineralization.***” Similarly, 3-hydroxy-L-proline
and glucosylgalactosylhydroxylysine, both collagen-specific post-
translational modifications, were identified as important vari-
ables, reinforcing the hypothesis that collagen-containing scaf-
folds enhance extracellular matrix production and maturation.?**

Interestingly, lactic acid, a marker of anaerobic glycolytic
metabolism, revealed increased VIP scores on some scaffold types,
highlighting a potential shift toward anaerobic metabolism in
response to certain scaffold compositions, particularly PLLA-Cel
scaffolds. While this could indicate a shift in oxygen availability
or scaffold-induced changes in metabolic preference, it also
highlighted the importance of understanding how biomaterials
modulate energy metabolism in relation to cellular function.***
The presence of FADH, and NADH as key electron carriers in
oxidative phosphorylation further supported the idea that mito-
chondrial activity was influenced by scaffold composition.*”

Another limitation of metabolomics analysis is the lack of
absolute quantification of each metabolite, regardless of the
method used. NMR-based metabolomics methods relying on the
HMDB database, along with TSP internal standardization, are
still widely used in targeted approaches where the metabolites of
interest are already known prior to analysis. Nagana Gowda and
Raftery (2019) suggested that NMR spectroscopy produces
“inherently quantitative data without the need for compound-
specific standards and is particularly well-suited for compara-
tive metabolomics studies where relative changes in metabolite
concentrations are of primary interest”.'® Araujo et al. (2019) used
NMR metabolomics to analyze osteoblast reactions to PLLA to
provide insights into cell metabolism in response to biomate-
rials.*® This method could potentially save huge amounts during
absolute quantification analyses in which different concentra-
tions of known standards must be purchased at relatively high
cost when thousands of metabolites require validation.

4.2. Enrichment analysis of differential metabolites

The enrichment analysis of differential metabolite sets was
used to provide valuable insights into the metabolic pathways
that could significantly alter the response to experimental
conditions, especially the influence of the PLLA scaffold and its
composite scaffolds. This analysis helped elucidate the under-
lying metabolic shifts associated with cellular responses to
these biomaterials, offering a systems-level understanding of
how scaffold composition influences metabolism.

The lysine degradation pathway was prominently enriched,
with a high enrichment ratio and a significant p-value. This

© 2025 The Author(s). Published by the Royal Society of Chemistry
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suggested that the incorporation of bioactive additives such as
cellulose and collagen influenced the catabolism of lysine, poten-
tially impacting protein synthesis and matrix production. Lysine is
a crucial amino acid for collagen biosynthesis, and its degradation
intermediates (e.g., saccharopine and aminoadipic acid) were
quantified to further support the relevance of this pathway in
osteogenic  differentiation.®  Glycolysis/gluconeogenesis
another highly enriched pathway, indicating that energy metabo-
lism is significantly influenced by the scaffold composition. This
aligned with previous studies showing that a flux in glycolysis
could regulate cell proliferation and differentiation, particularly in
the hypoxic or nutrient-limited environments that are typical of
tissue engineering scaffolds.***' The observed trends in lactic acid
levels, a glycolytic intermediate, across different scaffolds further
supported this finding.

Pyruvate metabolism showed moderate enrichment, reflect-
ing the relationship between glycolysis and the tricarboxylic
acid (TCA) cycle. Pyruvate serves as a central node linking these
pathways, and its metabolism influences both energy produc-
tion and the anaplerotic reactions essential for biosynthesis.
The elevated succinic acid levels observed in multivariate
analysis reinforced the activation of pyruvate metabolism and
downstream pathways. The TCA cycle was moderately enriched,
suggesting oxidative phosphorylation and mitochondrial
activity in response to certain scaffolds. This was consistent
with the high VIP scores for succinic acid in the PLS-DA anal-
ysis, which highlighted the importance of the TCA cycle for
distinguishing between scaffold types. Enhanced TCA cycle
activity could indicate increased energy production and redox
regulation, critical for osteoblast function and matrix
deposition.*

Alanine, aspartate, and glutamate metabolism pathways
showed moderate enrichment as well, which reflected the
interrelation of amino acid metabolism and energy production.
These amino acids serve as key intermediates in nitrogen
metabolism and play key roles in maintaining cellular homeo-
stasis. Their enrichment suggested that the biomaterials influ-
enced amino acid utilization, potentially affecting protein
synthesis and signaling pathways.***> Arginine and proline
metabolism were also enriched, indicating the modulation of
pathways involved in nitric oxide production and collagen
biosynthesis. Proline is a critical component of collagen, and its
metabolism is closely linked to extracellular matrix forma-
tion.*®** The observed changes in proline levels and collagen
production further validated the enrichment of this pathway.

The enrichment of specific metabolic pathways provided
mechanistic insights into how the different scaffold composi-
tions influence cellular behavior. Lysine degradation, pyruvate
metabolism, and citrate cycle pathway enrichment suggested
that the composite scaffolds (especially those containing
collagen) promoted osteogenic differentiation by enhancing
energy metabolism and collagen biosynthesis. Collagen-specific
metabolites such as 3-hydroxy-L-proline and
glucosylgalactosylhydroxylysine were identified as key contrib-
utors to group separation in the PLS-DA analysis, reinforcing
the role of these pathways in matrix production.®®*

was
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4.3. Biological activities and metabolic modulation
validating lysine degradation

L-lysine is a critical component of cellular growth and metabo-
lism. The elevated protein content suggested that r-lysine
supplementation promoted cell proliferation and metabolic
activity, which are critical steps in tissue regeneration. This
assay finding directly links lysine availability to cellular func-
tion, providing a quantitative measure of the biomaterial's
influence on cellular health and viability.®

Research by Torricelli et al. reveals that lysine treatment
increases osteoblast proliferation and viability in rat femoral
cultures.? It also appears that lysine enhances cell adhesion via
increasing cationic surface sites, which aid in integrin binding
and cytoskeletal remodeling. In our evaluation, the total protein
content considerably increased on both days 4 and 7, indicating
improved cell attachment and metabolic activity. Although no
direct cell counting or viability experiments were performed
during this phase, the increase in protein content is consistent
with earlier research indicating that lysine stimulates osteoblast
spreading, proliferation, and early-stage matrix formation.*
This suggests that lysine supplementation promotes osteo-
blastic activity, even in the absence of physical scaffolding.

Lysine acts as a precursor for hydroxylysine, which aids in
the development of permanent crosslinks between collagen
molecules. This process is crucial for the formation of a mature
extracellular matrix (ECM), which serves as a template for
mineral deposition and maintains mechanical integrity.** In
our investigation, the collagen content levels revealed an
increase in collagen formation with increasing t-lysine
concentration, especially on day 7. This is consistent with
previous studies demonstrating that lysine-modified biomate-
rials improved collagen expression and matrix architecture.*
Our findings support the hypothesis that lysine availability
alone, without a scaffold effect, can enhance collagen forma-
tion, most likely via increased hydroxylysine cross-linking and
better collagen stability.

According to Korbut et al., lysine-modified scaffolds promote
osteoblast development and matrix remodeling by increasing
pro-inflammatory cytokine levels, such as IL-1f, IL-6, and TNF-
a.** Although cytokine profiles were not examined under the
current experimental conditions, the observed increases in ALP
activity and collagen production suggest that lysine may have
indirectly stimulated signaling pathways associated with oste-
ogenic differentiation. Our results showed that lysine supple-
mentation alone, without scaffold interactions, could activate
osteogenic gene expression indicators, as evidenced by func-
tional experiments. This lends credence to the concept that
lysine possesses intrinsic osteoinductive capabilities, and it
could be employed as a bioactive supplement in bone regener-
ation procedures, either in conjunction with scaffolds or in
scaffold-free contexts, such as injectable systems or in vivo
delivery methods.

Mineralization is determined not just by calcium availability
but also by the quality and structure of the collagenous matrix.
Lysine-derived hydroxylysine residues play a vital role in form-
ing hydroxyapatite crystal nucleation sites.** Collagen fibers
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cannot adequately bind calcium if lysine levels are low, which
impairs mineral deposition. Calcium deposition in our evalua-
tion was time dependent. This pattern highlights the impor-
tance of lysine for generating an appropriate ECM structure,
which allows for successful mineralization. The delayed peak in
mineralization compared to ALP activity shows that lysine
supports early differentiation and collagen production before
impacting mineralization, as previously seen in osteoblast
cells.>*

4.4. Effects of biomaterial components and metabolic
changes leading to bone formation

While our study was based on the results from triplicate anal-
ysis of each material type, it was still large enough for data
analysis. Our triplicate result analysis was consistent with
preliminary metabolomics studies by Aradjo and colleagues in
which the metabolites of human osteoblasts grown on non-
poled and poled poly(L-lactic) acid were measured at different
time points and in triplicate at each time point.”® The increase
in aminoadipic acid supported the hypothesis that collagen-
containing scaffolds modulate lysine metabolism, potentially
enhancing energy production and redox balance through the
TCA cycle intermediates derived from this pathway.*®

The observed trend in lysine degradation metabolites,
particularly the considerable drop in metabolite concentrations
on cellulose-containing scaffolds (PLLA-Cel and PLLA-Cel-Col),
may be attributed to changes in mechanical reinforcement
and surface chemistry imparted by cellulose, as noted in
a previous study on cellulose-based composites for bone tissue
engineering.*® These reductions could also be attributed to the
physicochemical properties of these scaffolds, particularly their
glass transition temperature (7Ty), cold crystallization enthalpy
(AH..), tensile strength, Young's modulus, and weight loss after
simulated body fluid (SBF) immersion, as detailed in our
previous report. Understanding how these physical traits relate
to metabolic responses gives vital insights into the interaction
between material properties and cellular function. One signifi-
cant observation from our previous investigation was that the T,
values of PLLA-Cel and PLLA-Cel-Col were somewhat higher
than those of pure PLLA and PLLA-Col, and the lower value of
PLLA-Cel AH.. indicated enhanced stiffness and decreased
polymer chain mobility as a result of cellulose inclusion due to
reduced amorphous content*” and surface chemistry modifica-
tions.*® This increased stiffness could impact cell adhesion,
metabolism, differentiation and spreading, altering metabolic
activity, as reported in a previous study.*® The lower quantities
of saccharopine, aminoadipic acid, and lysine on cellulose-
containing scaffolds may represent this change in cellular
energy allocation.

Furthermore, the reduced levels of lysine catabolic products
on cellulose-containing scaffolds could suggest a possible
change in cellular metabolism away from catabolic activities
and toward anabolic pathways such as protein synthesis and
extracellular matrix (ECM) formation.*” This could imply that
more lysine may be accessible for incorporation into structural
proteins, hence promoting matrix deposition and tissue
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development. Cellulose, while not intrinsically osteoinductive,
may serve as a source of bioactive signals that alter cellular
function, such as providing surface-bound functional groups
(e.g., hydroxyl groups) or supporting minor variations in local
pH and ion exchange. Should cellulose-containing scaffolds
modify the metabolic landscape of MG63 cells and favour
matrix synthesis over amino acid degradation, this could imply
that the presence of cellulose sends biochemical signals that
regulate cellular function.*®

In yet another study, researchers found that acetylation of
bacterial cellulose increases hemocompatibility, protein
adsorption, and 3D cell development while maintaining
mechanical integrity. The scaffolds facilitated cell adhesion and
proliferation in vitro, resulting in enhanced metabolic activity
over time, as seen in MTT assay findings. These findings imply
that changes such as acetylation not only improved the scaf-
fold's physical robustness but also established a conducive
environment for long-term cellular metabolism. This is
consistent with our findings, in which cellulose-containing
scaffolds (PLLA-Cel and PLLA-Cel-Col) showed decreased
lysine degradation, indicating a shift toward matrix synthesis
rather than catabolic pathways. The improved surface topog-
raphy and mechanical strength supplied by cellulose may affect
integrin-mediated signaling and cytoskeletal remodeling, sup-
porting anabolic processes like collagen formation and extra-
cellular matrix deposition."*®

5. Conclusions

This study shows that the composition of PLLA-based scaffolds
has a considerable impact on the metabolic activity of MG63
osteoblast-like cells, notably in connection to the lysine degra-
dation pathway. Using 'H-NMR-based metabolomics and
multivariate analysis, we discovered distinct metabolic signa-
tures among the scaffold types, with PLLA-Col scaffolds exhib-
iting elevated levels of lysine-derived metabolites associated
with extracellular matrix synthesis and osteogenesis.

The incorporation of cellulose and collagen into PLLA scaf-
folds improves surface characteristics and mechanical perfor-
mance and fosters a cellular metabolic environment favorable
for bone formation. Bioactivity experiments demonstrated that
L-lysine supplementation increased collagen synthesis and
mineralization, particularly at 400 uM after 7 d of culturing.
These findings imply that lysine metabolism is an important
biochemical indication of osteogenic capacity and may be used
to optimize biomaterial design.

Our findings emphasize the necessity of taking a compre-
hensive approach to studying scaffold-cell interactions using
metabolomics, providing fresh insights into how the material
composition might influence metabolic reprogramming. By
identifying lysine degradation as a key route influenced by
scaffold type, we provide the groundwork for future research
into the molecular processes driving these metabolic alterations
and their effects on osteogenesis. Further research should look
at the in vivo validation of these findings to determine the long-
term impact of scaffold-induced metabolic modulation on bone
repair.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This study adds to our expanding understanding of how
biomaterials affect cellular metabolism and emphasizes the
need to combine metabolic profiling with functional tests in
bone tissue engineering procedures. The ability to relate scaf-
fold composition to particular metabolic responses opens up
new possibilities for developing more effective biomaterials that
enhance osteogenic outcomes via targeted metabolic control.
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